Mass Transfer Effects of Particle Size on Brewing Espresso by Zhong, Sichen & Stork, Lauren Elizabeth
Rose-Hulman Institute of Technology
Rose-Hulman Scholar
Rose-Hulman Undergraduate Research Publications
2017






Follow this and additional works at: https://scholar.rose-hulman.edu/undergrad_research_pubs
Part of the Computer Sciences Commons, Engineering Commons, and the Life Sciences
Commons
This Article is brought to you for free and open access by Rose-Hulman Scholar. It has been accepted for inclusion in Rose-Hulman Undergraduate
Research Publications by an authorized administrator of Rose-Hulman Scholar. For more information, please contact weir1@rose-hulman.edu.
Recommended Citation
Zhong, Sichen and Stork, Lauren Elizabeth, "Mass Transfer Effects of Particle Size on Brewing Espresso" (2017). Rose-Hulman
Undergraduate Research Publications. 24.
https://scholar.rose-hulman.edu/undergrad_research_pubs/24
Mass Transfer Effects of Particle Size on Brewing Espresso 
Participants: Lauren Stork, Sichen Zhong 
Advisor: David Henthorn 
Rose-Hulman Institute of Technology Chemical Engineering Department 
Dec 12th, 2017 
 
Abstract 
 The extraction process for coffee is complicated due to the nature of the coffee. In this 
paper, we studied the particle size distribution for coffee grinds and further analyzed that with 
the help of an inverted microscope and a scanning electron microscope. We drew a 
conclusion that the coffee grinds can be divided into two parts: cell fragments with smaller 
particles size and intact coffee cells with larger particles. The intact coffee cell was found to 
be a porous media. Therefore, we tried to brew the espresso with both normal grind size 
coffee and sieved coffee to study the extraction of the coffee as a function of the mass ratio of 
espresso collected. The high-performance liquid chromatography and mass spectrometry 
were performed to both espresso prepared by normal grind size coffee and sieved coffee 
mixed with glass beads. The results showed that the compounds extracted for both brews are 
mostly identical. We also tried to fit our data to a double porosity mathematical model that 
was recently published, and we found that the model is not perfect for our espresso brewing 
conditions.  
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 People have been making coffee for centuries, and it has become one of the most 
widely consumed beverages in the world. [1] The nature of coffee brewing is solid-liquid 
extraction, which involves the transfer of solutes from a solid to the liquid. Despite its wide 
consumption, little is known about its production process. While there are many different 
techniques for brewing coffee, this paper focuses on espresso. Espresso is a concentrated 
form of coffee that is made by forcing pressurized water, normally at 9 bar and 90-97℃, 
through a packed bed of finely ground coffee. Recently, researchers have started to develop 
theories attempting to model the mass transfer of coffee. These theories have led to the 
creation of espresso power curves, which show the percent of coffee solids extracted from the 
beans as a function of brewed coffee collected. The y axis of the curve shows the percent of 
coffee extracted from the coffee grounds, and the x axis shows the mass of coffee collected. 
The extraction percent was defined as the amount of solids extracted divided by the total 
mass of coffee put in the coffee bed. While the samples were not evaluated for the taste 
during this research, expert tasters show a preference for certain extractions and strength. 
These preferences, as outlined by the Specialty Coffee Association of America (SCAA), are 
for an extraction percent between 18 and 22 percent and a TDS value of 9 to 13 percent. [2] 
Figure 1 shows how different strengths and extraction percents change the flavor of the 
coffee. Power curves can also be used to help better understand the mass transfer rates of 
coffee because the mass flow rate of water for most commercial grade espresso machines is 
relatively constant. It can be assumed that these plots show the mass released from the coffee 




Figure 1 Correlation of Strength and Extraction to perceived taste characteristics [3] 
Experimental methods 
 The coffee used for the following experiments was a Ethiopia Yirgacheffe Aricha 
roasted on June 13th from Red Bird Coffee, Bozeman, MT. The coffee was ground by Lelit 
PL53 (Espresso only grinder). The coffee was brewed by Rancilio Silvia V1 Espresso 
machine with a PID capable of controlling temperature within 1°C. Reverse osmosis purified 
water with 4 ppm dissolved solids was used.  
To better study the mass transfer mechanism of the espresso, we decided to 
investigate the effect of particle size. Particle size contributes to the control of dissolution 
rate, because the different sizes will have different surface area. [4] For our experiment, 
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particle size distribution were determined by using Hydro 2000MU wet sample dispersion 
unit with the Mastersizer 2000 instrument from Malvern Instrument was used to investigate 
the particle size distribution for coffee grinds. Dry ground coffee was added to a beaker of 
deionized water until the laser obscuration was deemed to be in range. Due to the assumption 
that the rapid extraction observed is explained by the small coffee cell fragments, we decided 
to focus specifically on the extraction of the fragments. In order to accomplish this, the grind 
size on the grinder was turned down, and the resulting grains were then put through a 250 µm 
sieve. Since roasted coffee beans still contain lipids, the coffee grains show the cohesive 
characteristics. The aggregation of particles makes it hard to pass through the smaller size 
sieve with sieve shaker. A 250 µm sieve, which has smaller sieve diameter than mean 
diameter for intact coffee cells, was chosen to reduce the particle size for coffee grains. After 
sieving the grains, most intact cells were removed. The particle size of sieved coffee was 
measured using the same instrument as well. To better understand the distribution of particle 
size, the Olympus CKX41 inverted microscope has been used to take pictures for ground 
coffee particles. In order to understand the nature of the coffee grounds, a Hitachi S-3000N 
scanning electron microscope was utilized to study the structure of the coffee particles.  
 In the experiment, three different masses of coffee grains, 14.5 grams, 16.5 grams, 
and 18.5 grams, were used to prepare a coffee bed in a VST basket. The PID was set to 
101 °C, and by the time the water went to the coffee bed, it was at a range of 90-95 °C. 
Through the experiment, different masses of brewed espresso were collected and a pocket 
refractometer by ATAGO was used to measure the total dissolved solids. This is used to 
calculate the extraction yield for brewed coffee. The extraction yield is defined as the mass of 
dissolved solids in the espresso divided by the mass of ground coffee. The time for brewing 
coffee was recorded to represent the correlation between extraction yield and time. However, 
the lag of espresso machine results in a relatively inaccurate time measurement. We assumed 
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that the mass flow rate of water through the coffee bed is constant. Therefore, the mass of 
espresso collected is also a time-dependent variable. To better compare the correlation of 
extraction yield between different mass of coffee used in the experiment, a mass ratio of 
espresso collected to the mass of coffee put in the basket were used for 
nondimensionalization.  
In order to simulate the circumstance of a typical coffee bed, the 350-400 µm glass 
beads were mixed with the sieved coffee grains. A mixture of 8 grams of glass beads and 10 
grams of coffee grains was used for the experiments to determine the total dissolved solids, 
and the extraction percent. The mass was converted to a mass ratio in order to be compared to 
the previous trails.  
 Liquid Chromatography and Mass Spectroscopy or LC/MS was run on both the 
normal grind coffee and the coffee brewed from the sieved coffee grains. Both samples were 
collected at a mass ratio of 2.0. The coffee pushed through a syringe filter with a pore size of 
0.22 μm in order to remove undissolved solids, before it was diluted in deionized water. 
Separation was achieved on an Aqua  C18 125 Å, LC Column (250 x 4.6 mm 5 µm) from 
Phenomenex. The mobile phase for HPLC analysis was water (A) containing 0.1% formic 
acid and methanol (B), at a flow rate of 0.4 mL/min in 50/50 ratio. The injection volume was 
10 μL. HPLC analysis was performed using a Shimadzu LCMS-2020. The PDA was 




 This section attempts to explain a recently developed mathematical model that 
attempts to simulate the mass transfer of coffee through a system of partial differential 
equations. A key feature of the model is that the coffee bed is represented by a porous 
medium domain using a double porosity model. [5] The paper simulates the coffee extraction 
from a flow through a cylinder similar to the espresso machine, but with lower pressure. [5] 
The Figure 2 shows a definition for different phases in the coffee bed. There are a series of 
assumptions listed to better simulate the mass transfer of coffee in the model. Refer to 
Appendix A, for a list of all the assumptions used from Moroney et al. [5] The system of 
partial differential equations was coded in Maple and then solved numerically. The code is 
listed in Appendix B. Due to the difficulty of estimating some constant values, we made the 
assumption that some constants were kept the same as the Moroney et al. [5] paper values, 
but several constants were then changed to better fit the method for brewing espresso. The 
results were then compared to our experimental results in order to determine if and where 
changes would need to be made to the model.  
 
Figure 2 The transfer of water and coffee in different phase [5] 
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 Most of the constants that were presented in the paper were assumed to also be true 
for our coffee. Constants that were changed to better fit our data were ∆P (the pressure drop 
across the bed), ksv1 (Sauter Mean Diameter of all grains), ksv2 (Sauter Mean Diameter of 
grains greater than 50μm), ll  (mean volume weighted grain radius) m (the coffee cell 
diameter), and L (the coffee bed height). Table 1 lists all constants used.  
Table 1. Parameters for coffee grains from our experiments and for coffee grains from Moroney et al. [5] 
 
 These parameters were used to calculate different timescales. The bulk diffusion 
timescale, td, is the timescale for coffee diffusion from the intergranular pores. The surface 
dissolution timescale, ts, is the timescale for which coffee dissolves into the intergranular 
pores from the grain surfaces. Lastly, the advection timescale, ta, is the timescale for which 
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the dissolved coffee is carried out of the bed. [5] These timescales are represented by the 






















 Next in order to make the equations tidier, several non-dimensional parameters were 
defined. The parameter ε is defined as the ratio between the advection timescale and the 








































These non-dimensional numbers are used in the partial differential equations. When 
using the parameters from Moroney et al [5] paper these numbers have values of, ε = 0.127,         
a1 = 2.81, a2 = 3.23, a3 = 0.473. When using the parameters from the espresso experiments 
these numbers have values of, ε = 0.002235, a1 = 2.81, a2 = 0.001189, a3 = 0.473. All the 
values above are calculated based on the constant values from Table 1. 
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 In terms of the non-dimensionalized numbers the proposed system of partial 
differential equations are as follows. Equation 8 represents the solution to Ch, where Ch is the 
concentration of coffee in the h phase. H phase refers to the intergranular phase or the space 
between grains of coffee. Equation 9 represents the solution to Cv, where Cv is the 
concentration of coffee in the v phase. V phase refers to the intragranular phase, or the porous 
space inside the grains. Lastly, equation 10 represents the solution to Ѱs, where Ѱs is a 
nondimensionalized fraction of coffee remaining in the s phase. The s phase is the coffee 
solid phase and should dissolve away during the coffee extraction process. The main 
assumption here is that while the s phase has coffee on the surface of the particles and in the 

















= −𝑎2𝑎3(1 − 𝑎1𝜖𝐶ℎ)Ψ𝑠 
(10) 
 This system of equations is solved using the following set of initial and boundary 
conditions.  
0 < 𝑧 < 1 (11) 















𝐶ℎ(1, 𝜏) = 0 
 
(16) 
 The perturbation method was used to determine the approximation solutions to 
different timescales. In summary, the inner and outer solutions were approximated for 
different phases. According to paper from Moroney et al [5], for Ch we obtain an expansion 
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to leading order in the inner layer and to O(ϵ) in the outer region. The solution for Cv is 
known to O(ϵ) in both regions, while ψs has an inner solution at leading order while the outer 
solution is 0 to O(ϵ). The approximated equations were incorporated with Heaviside functions 
to involve different mechanisms. The equations used to approximate are as follows, 
𝑐ℎ(𝑧, 𝑡) = (1 + 𝜖 (
𝑎1𝑒
−𝑎2𝑡(𝜂 − 1)(𝑒𝑎2𝑡 − 1)
𝑎2
)) 𝐻(1 − (𝑧 + 𝑡))
+ (
𝑒𝑎2 − 𝑒𝑎2𝑧
𝑒𝑎2 − 𝑒𝑎2𝑧 + 𝑒𝑎2(𝑧+𝑎3(𝑧+𝑡−1))






𝑒−𝜖𝑡 ((𝑧 − 1)2 (1 + 𝑎3 (1 + 𝜂(1 + 𝑎1(𝜖𝑡 − 1))))))) 
(17) 
𝑐𝑣(𝑧, 𝑡) = (𝜂 + 𝜖((1 − 𝜂)𝑡)𝐻(1 − (𝑧 + 𝑡))





𝑒𝑎2 − 𝑒𝑎2𝑧 + 𝑒𝑎2(𝑧+𝑎3(𝑧+𝑡−1))
))) 𝐻(𝑧 + 𝑡
− 1) + 𝜂𝑒−𝜖𝑡
+ 𝜖 (−𝑒−𝜖𝑡(−𝜂𝑎1 + 𝜂𝑎1𝑧)𝜖𝑡 + 𝑒
−𝜖𝑡 + 𝑒−𝜖𝑡 ((
1
𝑎3
+ 1) (1 − 𝑧)))
− (𝜂 − 𝜂𝜖𝑡 + 𝜖 (
1
𝑎3
+ 1) (1 − 𝑧)) 
(18) 
𝜓𝑠(𝑧, 𝑡) = (1 + 𝜖 (
𝑎1𝑎3((𝜂 − 1)𝑒
−𝑎2𝑡(1 + 𝑒𝑎2𝑡((𝑎2𝑡 − 1)))
𝑎2
)) 𝐻(1 − (𝑧 + 𝑡))
+ (
𝑒𝑎2
𝑒𝑎2 − 𝑒𝑎2𝑧 + 𝑒𝑎2(𝑧+𝑎3(𝑧+𝑡−1))




1      𝑖𝑓 𝑥 ≥ 0




Results and Analysis 
Figure 3 shows the particle distribution for the coffee particles ground by the Lelit 
PL53 (Espresso only grinder). The frequency volume distribution shows a bimodal 
distribution, where one peak is at around 50 μm and another peak is at around 500 μm. Figure 
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4 shows the particle size distribution of these sieved grains, where most of the particles in 
range of 300-600 μm was removed.  
 
Figure 3 The frequency volume particle size distribution for normal grind size of Lelit PL53 
 
Figure 4 The frequency volume particle size distribution for coffee grinds after sieved through a 250 μm sieve 
Figure 5 shows larger intact coffee cells and also smaller coffee cell fragments under 
the inverted microscope. Also, some representative particle sphericity was measured using 
the inverted microscope. The particles are not perfectly spherical, but for ease of further 
calculations, the particles were assumed to be spherical, meaning that their sphericity is 1. 
Figure 6 shows that the large particles, seen as intact coffee cells, are porous in nature. 
Since the media composing the packed bed are also porous, when developing a mathematical 
model one can’t simply rely on classical formulas such as Darcy’s Law to explain the 
phenomena. A model should incorporate the double porosity nature in order to accurately 





























Figure 5 The coffee particle in the inverted microscope 
   
 
Figure 6 The intact coffee cell in the scanning electronic microscope showing its porous nature 
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 It has been proposed that there are two distinct stages of coffee extraction. The initial 
extraction is fast, which can be explained by the reduced mass transfer resistance in the cell 
fragments. The mass diffusion in the pores inside the intact coffee cells may account for the 
following slow extraction. [5] 
 Figure 7 shows percent extraction as a function of the mass ratio for the 4 sets of 
trials. It shows that the 3 data sets that had the same grind size, behave similarly in extraction 
yield when the mass is nondimensionalized. The data seems to show that the smaller particles 
are able to achieve higher extraction percentages when compared to the data from the normal 
grind size at the same mass ratio. This is potentially because the mass is more concentrated 
on the surface of the small particles, while the larger intact coffee cells are more porous in 
nature. Since, the mass is more concentrated on the surface of the smaller particles, the mass 
transfer coefficient is larger than that of the of the intact coffee cells causing them to reach 
higher extraction percents. Figure 8 shows percent extraction with respect to the percentage 
of dissolved solids present in the espresso. Percentage of dissolved solids is often used to 
determine the strength of the coffee, or how concentrated the coffee is. Figure 6 shows that 
the smaller coffee particles tend to produce coffee with higher extraction percentages when 




Figure 7 Extraction as a function of mass ratio with different mass in coffee bed and particle size distribution 
 
Figure 8 Extraction as a function of total dissolved solids with different mass in coffee bed and particle size distribution 
After solving this system of partial differential equations we generated a figure of 
extraction percent with respect to the dimensionless time using the asymptotic solution to the 
concentration in h phase for espresso brewing. As we see in Figure 9, the extraction percent 
increases fast in the beginning of the plot. The potential reason to account for this 
phenomenon is that the compounds in coffee were extracted out fast initially. Also, we can 
see that the extraction percent approaches to 14.4% as the time increases, where the possible 
reason to explain this effect is that the coffee bed reaches its limit of soluble coffee and 
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percent calculated using our parameters. For our espresso, the extraction percent increase 
slower and reach a higher extraction in a longer time. The possible reason for the higher 
extraction to occur is that the grind size for our coffee is not identical to theirs, which results 
in the different dominant mechanism in the extraction process. Also, the pressure change 
from Moroney et al.[5] is 230000 Pa, but the pressure change in our espresso machine is 
900000 Pa. Theoretically, the extraction percent should increase faster with our espresso 
machine. Figure 10 doesn’t follow our expectations, which could be an evidence that the 
mathematical model does not fit to our data. Additionally, some concerns about mass 
conservation were noted. 
 
Figure 9 The extraction as a function of dimensionless time for values from Moroney et al[5] 
 













































 The PDA, and mass spectrometry for the sieved, and normal grind size coffee can be 
found in Appendix C. After comparing the mass spectrum of each peak for both the sieved 
and the normal grind coffee, it was determined that the compounds extracted from them are 
mostly the same. Therefore, we draw a conclusion that the particle size is not a factor that 
will impact the composition of the espresso. 
Conclusions and Future Work 
Overall our research shows that small broken coffee cells are able to achieve higher 
extraction percentages when compared to coffee made using a mixture of intact coffee cells 
and broken coffee cells. This leads us to the conclusion that the smaller particles have a 
higher percentage of mass on their surface, leading to a larger mass transfer coefficient, while 
still producing a brewed coffee that is largely chemically identical.  
In the future, we would like to further investigate, develop, and improve a better 
mathematical model, that better fits our experimental data. Other methods of coffee brewing 
besides espresso could also be investigated. Also we would like to work on determining how 
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Appendix A. Assumptions used in Asymptotic Analysis of the Dominant Mechanisms in 
the Coffee Extraction Process 
1. It is assumed that the system is in isothermal conditions during brewing as the 
temperature variations are considered negligible. 
2. It is assumed that all pores in the coffee bed are saturated with fluid. 
3. It is assumed that the coffee bed properties are homogeneous in any cross-section 
based on the cylindrical geometry of the coffee bed and nature of the flow. 
4. It is assumed that all coffee particles are spherical. 
5. It is assumed that the concentration of the solid coffee matrix cs is constant. 
6. It is assumed that as coffee dissolves, the grain porosity changes rather than the solid 
concentration. 
7. It is assumed that there is a coffee concentration csat which is the concentration in the 
liquid phase that would be in equilibrium with the concentration in the solid phase. 
8. It is assumed that the diffusive flux is zero at the outlet. 
9. It is assumed that only caffeine is extracted from the coffee. 
10. It is assumed that the diffusion of the coffee is the rate limiting step. 
11. It is assumed that the solid coffee in the cell walls within the grains dissolves into the 
intragranular pores very quickly initially so that all soluble coffee in the grains is 
dissolved in the fluid in the intragranular pores initially. 
12. It is assumed that all the soluble coffee in the grain kernels has dissolved in the 
intragranular pores. 
13. It is assumed that the initial concentration profile for the fine grind considered is at 
coffee solubility throughout the bed. 
14. It is assumed that the initial concentration profile for coarser grind is a linear profile 
varying from 0 at the filter entrance to the initial exiting concentration cmax at the filter 
exit. 
15. It is assumed that without modeling the initial water infiltration, uniformly decrease 










Appendix B. Maple Code used to numerically solve the equations presented in 
Asymptotic Analysis of the Dominant Mechanisms in the Coffee Extraction Process 
 
Maple numeric integration of Moroney et al.[5] SIAM J. Appl. Math., 76, 2196-2217 (2016).  
Solving the nondimensionalized equations (2.27) - (2.29) with boundary conditions (2.31) - 
(2.32)  
 First set up the constants. These are the values used in their work and are used to check our 













PDE1 represents (2.27) and is the solution to Ch, which is the concentration of coffee in the h 
phase. Here, h represents  
the space between grains of coffee (intergranular phase)  
 
PDE2 represents (2.28) and is the solution to Cv, which is the concentration of coffee in the v 
phase. Here, v represents  
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the porous space inside the grains (intragranular phase)  
   
PDE3 represents (2.29) and is the solution to capital psi in S. The s phase is the coffee solid 
phase, which should dissolve away through the extraction process.  
Lower case psi represents the fraction of coffee remaining in the phase. The main assumption 
here is that the s phase has coffee at the surface and in the kernels, but only  
the surface contributes due to the short duration of espresso extraction. Capital psi, which 




Initial and boundary conditions:   
  
Solve it numerically  
  
Trying a plot of cV to match Figure 7   
  









   









Appendix C. The PDA and mass spectrometry results for both sieved and normal grind 
size coffee. 
 
Figure 11 Peak 1 of mass spectrometry for espresso brewed with normal grind size coffee 
 
Figure 12 Peak 1 of mass spectrometry for espresso brewed with sieved coffee 
 




Figure 14 Peak 2 of mass spectrometry for espresso brewed with sieved coffee 
 
Figure 15 Peak 3 of mass spectrometry for espresso brewed with normal grind size coffee 
 




Figure 17 Peak 4 of mass spectrometry for espresso brewed with normal grind size coffee 
 
Figure 18 Peak 4 of mass spectrometry for espresso brewed with sieved coffee 
 




Figure 20 Peak 5 of mass spectrometry for espresso brewed with sieved coffee 
 
Figure 21 Peak 6 of mass spectrometry for espresso brewed with normal grind size coffee 
 




Figure 23 PDA at 265 nm for espresso brewed with normal grind size coffee 
 
Figure 24 PDA at 265 nm for espresso brewed with sieved coffee 
 
 
 
 
 
 
 
 
 
 
 
